O-Methyltransferase, POMT-9 was expressed in Escherichia coli. HPLC analysis of reaction products revealed three peaks corresponding to isoscopoletin, scopoletin, and scoparone, and their structures were determined using NMR. Biotransformation of esculetin with E. coli expressing POMT-9 generated scopoletin, isoscopoletin, and scoparone at 30.3, 21, and 31 M respectively. POMT-9 is the first O-methyltransferase that produces three different O-methylated products.
Courmains, with a basic structure containing fused benzene and an -pyrone ring 1) comprise a very large class of phenolic compounds found in plants. Esculetin is one of simplest coumarins, as it has two hydroxyl groups at carbons 6 and 7. The two hydroxyl groups of esculetin serve as targets for O-methylation or Oglycosylation. O-Methylated products of esculetin are scopoletin (6-O-methyl esculetin), isoscopoletin (7-Omethyl esculetin), and scoparone (6,7-O-dimethyl esculetin). O-Methylated esculetins have diverse capabilities such as antimicrobial, immunosuppression, and hypolipidermic activities. [2] [3] [4] However, although the biological functions of O-methylated esculetins have been examined with esculetins isolated from plants, no information regarding the biological O-methylation of esculetin has been reported.
O-Methylation is mediated by O-methyltransferases (OMTs), which transfer a methyl group from S-adenosyl-L-methionine (AdoMet) to an acceptor molecule. OMethylation of phenolic compounds reduces the chemical reactivity of the phenolic hydroxyl group and results in enhanced antibacterial activities. 5) OMTs expressed in E. coli have previously been utilized for the modification of alkaloids and flavonoids, 6, 7) and may therefore be applicable for modification of other small compounds such as esculetin. Poplar contains various phenolics including flavonoids, salycilates, and coumarins. Some of these are O-methylated, indicating that several OMTs modulate the biosynthesis of O-methylated phenolic compounds.
8) Hence, we explored the OMT of poplar and report the production of three O-methylated esculetins with E. coli expressing POMT-9 from the popular, Populus deltoids Marsh.
Total RNA was isolated from poplar (Populus deltoids Marsh) leaves using a plant total RNA isolation kit (Qiagen, Gaithersburg, MD). cDNA was synthesized as described in Kim et al. 9) Polymerase chain reaction was done with Hotstart DNA polymerase (Qiagen) under the following conditions: 40 cycles of 1 min denaturation at 94 C, 1 min annealing at 55 C, and 1.5 min amplification at 72 C. Primers were 5 0 -tccaagaacgaacatgggat-3 0 as forward primer and 5 0 -tccttcaatttccacaaatgc-3 0 as reverse primer, both of which were designed based on the POMT-9 sequence (TIGR accession no. TC22004). Full-length cDNA was cloned using RT-PCR, and sequenced. The open reading frame of POMT-9, consisting of 1,071-bp, was subcloned into pGEX 5X-1 (Amersham, Piscataway, NJ) in order to examine the biological function of POMT-9. Induction of POMT-9 in the E. coli transformant was carried by the method described in Kim et al. 7) POMT-9 was successfully expressed in E. coli as a GST-fusion protein and purified to homogeneity (data not shown).
Several potential substrates, including caffeic acid, naringenin, quercetin, esculetin (6,7-dihydroxy courmarin), and daphnetin (7,8-dihydroxy courmarin), were tested. The reaction mixture contained 30 mg of the purified recombinant protein, 2 mM DTT, 40 mM AdoMet, and 100 mM substrate in 10 mM Tris/HCl buffer (pH 7.5) at a final volume of 500 ml. It was incubated at 37 C for 4 h, and extracted twice with ethylacetate, and the organic layer was evaporated to dryness. Reaction products were dissolved in dimethylsulfoxide (DMSO) and analyzed by high performance liquid chromatography (HPLC) according to the methods of Kim et al.
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The naringenin reaction product did not show a new peak, suggesting that it was not metabolized by POMTy To whom correspondence should be addressed. Fax: +82-2-3437-6106; E-mail: jhahn@konkuk.ac.kr Biosci. Biotechnol. Biochem., 70 (5), [1269] [1270] [1271] [1272] 2006 Note 9. In contrast, quercetin, caffeic acid, esculetin, and daphnetin produced new peaks with different R f values from the substrate itself. The retention time and UVspectrum of the quercetin reaction product were indistinguishable from those of 3 0 -O-methyl quercetin (isorhamnetin), but quercetin produced less than 10% of the amount of product produced by caffeic acid and esculetin. The reaction product of caffeic acid had the same retention time and UV spectrum as ferulic acid, 3-O-methyl caffeic acid (data not shown). Daphnetin, when used as a substrate for POMT-9, showed only 7-hydroxy, 8-O-methyl courmarin according to HPLC retention time (data not shown).
The HPLC profile of the esculetin reaction products showed three distinct peaks, all of which displayed different reaction times than esculetin itself, indicating that three separate O-methylated compounds were produced. Comparison of the retention times of the three reaction products with those of their authentic Omethylated compounds scopoletin, isoscopoletin, scoparone revealed that the first reaction product at 7.5 min was scopoletin, the second product at 8 min was isoscopoletin, and the third reaction product at 11 min was scoparone (Fig. 1) . In addition, the UV-spectra of the three reaction products were identical to the corresponding authentic compounds. The amounts of the reaction products were approximately 32 mM of scopoletin, 22 mM of isoscopoletin, and 34 mM of scoparone while approximately 11 mM of esculetin was not metabolized. The reaction products were determined using nuclear magnetic resonance (NMR) spectroscopy. For identification by NMR spectroscopy, an individual reaction product was collected and evaporated under reduced pressure. The dried remnant was then dissolved in ethylacetate. The supernatant was separated by centrifuge and evaporated under reduced pressure. The remnant was dissolved in dimethylsulfoxide-d6 and used for NMR spectroscopy, as described in Kim et al.
Since the 1 H NMR data of the reaction product collected at 11 min of HPLC retention time showed two methoxy peaks, at 3.81 and 3.87 ppm, it was determined to be scoprane, a di-O-methylated esculetin. The 1 H NMR data of the reaction product collected at 8 min showed one methoxy peak. To identify the methylated position, two-dimensional NMR experiments, such as heteronuclear multiple quantum coherence (HMQC), heteronuclear multiple bonded connectivities (HMBC), total correlated spectroscopy (TOCSY), and nuclear Overhauser exchanged spectroscopy (NOESY), was performed in addition to the 13 C NMR experiment. Based on these results, 1 H and 13 C NMR data were assigned as listed in Table 1 . The methoxy 1 H peak at 3.81 ppm showed an nOe cross peak with H-5 in the NOESY spectrum, indicating that the methylated position is H-6. This was confirmed by the HMBC data, according to which the methoxy proton was long-range coupled with C-6. Therefore, the methylated position of the peak at 8 min is 6-OH, a scopoletin. Similarly, the 1 H NMR data of the reaction product collected at 7.5 min showed one methoxy peak. The 1 H and 13 C NMR data were assigned for identification of the methylated position ( Table 1) . The methoxy proton at 3.91 ppm showed an nOe cross peak with H-8 in NOESY, and was long-range coupled with C-7 in HMBC. Therefore, its methlyated position is 7-OH, which corresponds to isoscopoletin.
These results clearly indicate that POMT-9 methylated esculetin to produce three distinct products. In comparison, OMTs using courmarin as a substrate produced only one or two reaction products. Pinosylvine O-methyltransferase (PMT) used an esculetin similar to POMT-9 but produced a single product, scopoletin. 10) 7,8-Dihydroxycoumarin (daphnetin) OMT produced 8-O-methyl-7-hydroxycourmarin 11) but did not display any activity against esculetin. Therefore, it is likely that POMT-9 is the first OMT to produce three different methylation products.
E. coli expressing POMT-9 was used to produce Omethylated esculetins. This approach does not require an enzyme purification step or AdoMet as a cofactor. Thus it might be suitable for the production of large amounts of O-methylated esculetins. One hundred ml of E. coli containing POMT-9 was induced and the E. coli cells were harvested, then resuspended in 50 ml of LB containing 50 mg/ml ampicillin and 90 mM of esculetin. The 2 ml of culture was collected periodically and extracted with ethylacetate, as described above. The amounts of reactant and product were quantified with E. coli expressing POMT-9 was harvested and resuspended in LB containing 50 mg/mg ampicillin. After the addition of esculetin at 90 mM, the mixture was shaken at 25 C. The culture was periodically collected, and the amount of reactant and product were quantified using HPLC. E. coli expressing an empty vector was used as the control.
, esculetin control; , esculetin; , isoscopoletin; , scopoletin; , scoparone HPLC using esculetin, isoscopoletin, scopoletin, and scoparone as standards. The amount of esculetin continued to decrease over time and was completely metabolized after 6 h. In contrast, the mono O-methylated esculetins, scopoletin and isoscopoletin, increased in quantity until 4 h. Up to this point, isoscopoletin was produced in higher quantities than scopoletin. Production of isoscopoletin decreased after 6 h, while scopoletin production remained the same for 48 h. The di-Omethylated esculetin, scoparone, appeared after 2 h and continued to increase until 36 h. Therefore, it is likely that isoscopoletin is an intermediate for scoparone production. After 36 h of incubation, the concentrations of scopoletin, isoscopoletin and scoparone were 30.3, 21, and 31 mM respectively (Fig. 2) , demonstrating that biotransformation of esculetin generates three reaction products. The molecular ratio of the three products from biotransformation is comparable to the ratio of an enzymatic reaction. Hence, biotransformation may be considered an alternative method for the production of O-methylated esculetins. In addition, the use of transgenic microbes expressing enzymes might be applicable in the modification of natural compounds, thereby increasing diversity.
